Glucagon-like peptide-1 (GLP-1) is an incretin known for proliferative and antiapoptotic effects on various tissues. Exenatide and Liraglutide are GLP-1 analogues used in clinical practice as antidiabetic drugs. Since GLP-1 and its analogues exert significant effect on liver metabolism and since changes in intermediary metabolism play an important role in the process of liver regeneration, we decided to determine the effect of Exenatide and Liraglutide on the early phase of liver regeneration and selected metabolic parameters in a model of 2/3 partial hepatectomy (PHx) in rats.
Introduction
Glucagon-like peptide -1 (GLP-1) is a peptide hormone derived from the proglucagon gene. Its biologically active forms in plasma, GLP-1(7-36)amide and GLP-1(7-37), contain 30 (31) amino acids. GLP-1 belongs to the incretin family, together with the gastric inhibitory polypeptide (GIP, also known as the glucose-dependent insulinotropic peptide) (Holst 2007, Baggio and Drucker 2007) . These hormones as a part of the entero-insular axis increase postprandial insulin release, accounting for approximately 50-70 % of postprandial insulin secretion (Nauck et al. 1986, Baggio and Drucker 2007) . The major source of GLP-1 in man are the intestinal endocrine L-cells that are present mainly in the ileum and colon (Eissele et al. 1992) . GLP-1 has a short biological half-life in the circulation (1-2 min), because it is effectively degraded by ubiquitous enzyme dipeptidyl peptidase 4 (DPP4) (Vilsboll et al. 2003) . Products of the cleavage, GLP-1(9-36)amide or GLP-1(9-37), are inactive as the insulin secretagogues, but could have some other effects in the body (e.g. on liver cells, heart or blood vessels) (Holst 2007 , Ban et al. 2008 , Tomas et al. 2010 . For example, GLP-1(9-36)amide was reported to reduce gluconeogenesis and inhibit fatty acid oxidation in the liver (Tomas et al. 2010 ).
Analogues of GLP-1 resistant to degradation action of DPP4 are used in clinical practice as antidiabetic drugs. Currently two analogues, Exenatide (Ex4) and Liraglutide (LIRA), are commonly available (Russell-Jones and Gough 2012) . Clinical trials have demonstrated that both analogues are attractive therapies for the treatment of type 2 diabetes, offering effective glycaemic control (considerable reductions in HbA1c) with a low risk of hypoglycaemia (Russell-
Jones and Gough 2012).
Pancreatic GLP-1 receptor is a G-protein coupled receptor, member of a secretin receptor family (Mayo et al. 2003) . The receptor is expressed in various tissues including islets of Langerhans, central nervous system, cardiovascular system, lungs, kidneys, gastrointestinal tract and afferent vagal nerve endings (Mayo et al. 2003 , Holst 2007 . GLP-1 binding to the receptor leads to a wide range of effects, chiefly to a suppression of hepatic glucose production 4 and modulation of lipid metabolism (Alcantara et al. 1997 , Ding et al. 2006 , Holst 2007 , Baggio and Drucker 2007 . Whether GLP-1 effects on hepatocytes are mediated through pancreatic type of GLP-1 receptor, is still unclear due to ambiguous results of existing studies (Tomas et al. 2010, Samson and Bajaj 2013) . However, it is evident that GLP-1 affects liver functions and liver metabolism, mainly metabolism of lipids and saccharides (Alcantara et al. 1997 , Ding et al. 2006 ).
Disruption of liver lipid metabolism affects the pace of the liver regeneration since TAG and free fatty acids (FFA) serve as main energy substrates for proliferating liver cells in the early period after partial hepatectomy (Bucher 1963 , Šimek and Sedláček 1965 , Shteyer et al. 2004 , Fernandez et al. 2006 , Rudnick and Davidson 2012 . GLP-1 and its analogues were described to modulate gene expression of key proteins of lipid metabolism in the liver and to change the liver lipid content (Ding et al. 2006 , Ben-Shlomo et al. 2011 , Sharma et al. 2011 , Lee et al. 2012 , Mells et al. 2012 . Therefore, we hypothesised that GLP-1 signaling could interfere with the process of liver regeneration. Only few studies assessed effect of GLP-1 and/or its analogues on proliferation and apoptosis of hepatocytes in vitro (Aviv et al. 2009 , Sharma et al. 2011 ). To our best knowledge, there are no studies evaluating the effect of GLP-1 analogues on liver regeneration induced by partial hepatectomy.
Despite the increasing rate of usage and importance of both GLP-1 analogues as antidiabetic drugs and previously described modulation of liver functions and liver lipid metabolism by their action (supported by proliferative and antiapoptotic effects of GLP-1 on various tissues, e.g. pancreatic β-cells) (Farilla et al. 2002) , data regarding their potential effect on liver regeneration are missing in literature. Therefore, in our present work, we evaluated the effect of GLP-1 analogues Exenatide and Liraglutide on the early phase of liver regeneration and selected metabolic parameters after 2/3 partial hepatectomy (PHx) in male Wistar rats (Higgins and Anderson 1931) . Remaining hepatocytes progress through the cell cycle in a relatively synchronous manner during the first 1-2 days (Fausto et al. 2006 , Michalopoulos 2007 , Hanse et al. 2009 ). This is why we have chosen an early interval after PHx.
Methods

Chemicals
Liraglutide was purchased from Bachem AG (Bubendorf, Switzerland), Exenatide from Cederlane (Burlington, Ontario, Canada). Primary mouse anti-BrdU monoclonal antibody was obtained from DAKO (Glostrup, Denmark), biotinylated anti-mouse secondary antibody from Jackson ImmunoResearch Laboratories (West Grove, PA, USA), streptavidin conjugate of peroxidase from DAKO (Glostrup, Denmark). 3,3′-diaminobenzidine-tetrahydrochloride, bromodeoxyuridine and other chemicals were obtained from Sigma-Aldrich (Madison, WI, USA).
Animals and Experimental Design
Experiments were performed on male Wistar rats (BioTest, Konarovice, Czech Republic) with initial body weight 264±17 g, age 8 weeks. The animals were housed at 22±1 °C, 55±10 % humidity, 12 h light/dark cycles, air exchange 12-14 times/h and had a free access to standard laboratory pelleted diet (ST-1, Velas, Czech Republic) and to tap water. All work with animals were chosen based on literature data (Koehler et al. 2009 , Bjerre Knudsen et al. 2010 , Vrang et al. 2012 , Patel et al. 2014 . The first dose was injected 24 hrs before the surgery, the second dose 12 hrs before the surgery and the third dose immediately after the surgery.
Bromodeoxyuridine (BrdU -100 mg/kg b.w.) was administered intraperitoneally 23 hrs after the surgery. The animals were sacrificed one hour after the BrdU application (i.e. 24 hrs after the surgery) by exsanguination from abdominal aorta in ether anaesthesia. Liver and serum samples were collected. Samples for subsequent evaluation were immediately frozen in liquid nitrogen and stored at -80 °C until further analysis. The liver lobes excised during partial hepatectomy and the liver remnants were weighed. Scheme of a study protocol is shown in Fig. 
1.
Microscopic Analysis -Incorporation of Bromodeoxyuridine in the Liver
BrdU staining and its quantification was described previously (Bader et al. 2011) . Briefly, after the animals had been sacrificed, liver samples were fixed in 4% neutral formaldehyde.
Paraffin sections were incubated with primary mouse anti-BrdU monoclonal antibody, subsequently with biotinylated anti-mouse secondary antibody and then with a streptavidin conjugate of peroxidase. Visualization of bound antibody was performed by 3,3′-diaminobenzidine-tetrahydrochloride and hydrogen peroxide. Quantification of BrdU incorporation was performed by counting of BrdU-positive hepatocyte nuclei in nine representative microscope fields in each section (objective magnification 10x) using an Olympus IX51 microscope and subsequently quantified by a computer-aided image analysis system NISElements AR 2.30 (Nikon, Lewisville, TX, USA).
Liver Content of DNA, Triacylglycerols and Cholesterol
Liver content of DNA was assessed using the Quant-iT™ PicoGreen® dsDNA Assay Kit (Life Technologies, USA) in accordance with manufacturer's instructions. Briefly, samples of liver tissue were lysed in lysis buffer (RIPA) supplemented by proteinase K (Qiagen, Germany).
The liver samples lysates were pipetted into a 96-wellplate in duplicates and subsequently incubated at room temperature, protected from light for 5 min with the prepared PicoGreen solution. Plates were excited at 480 nm and the fluorescence emission intensity was measured at 520 nm using spectrophotometer TECAN Infinite M200 (Tecan Group AG, Switzerland).
Fluorescence intensity was plotted against DNA concentration.
Lipid extraction from rat livers was carried out by chloroform-methanol extraction (Bligh and Dyer 1959) . Total cholesterol and triacylglycerols (TAG) were subsequently assessed using commercial kits (Roche Diagnostics GmbH, Mannheim, Germany).
Serum Biochemical Analysis
Serum concentrations of urea, creatinine, total bilirubin, glucose, total cholesterol and TAG, serum activities of alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline phosphatase (ALP) were performed in the Department of Clinical Biochemistry and Diagnostics, University Hospital Hradec Králové. All measurements were determined by standard biochemical methods using an automatic analyser P800 Modular (Roche).
Determination of Tissue Proteins
Protein content was determined by the method of Bradford (Bradford 1976) using bovine serum albumin as a standard.
Statistical Analysis
Results are expressed as the mean ± SD. Graph-Pad Prism 4.03 software (Graph Pad Software, San Diego, CA, USA) was used for statistical analysis. Kolmogorov-Smirnov test was used for proving the normality. In the case of normal distribution, ANOVA followed by TukeyKramer's post hoc test was used for group comparison. In non-Gaussian distribution, nonparametric Kruskal-Wallis tests and Dunn's post hoc test were used. Statistical significance was set at p < 0.05.
Results
Animals, Body and Liver Weight
During the whole experiment all animals survived until the sacrifice. No animal had any complications. In group I (LAP-S), the body weight rose between day 1 and day 2 (p < 0.05).
There was a significant decline in body weight in hepatectomized animals: group IV (PHx-S) day 2 versus day 3 (p < 0.001), group V (PHx-Ex4) day 1 versus day 3 (p < 0.001) and group VI (PHx-LIRA) day 2 versus day 3 (p < 0.01). In addition, there were nonsignificant trends to decline in body weight after laparotomy from day 2 to day 3. Group IV (PHx-S) and group V (PHx-Ex4) had lower body weights on day 3 than their respective laparotomized controls (p < 0.01, p < 0.05, respectively) ( Table 1 ).
The relative weight of the excised liver, nor the relative weight of liver remnant in hepatectomized groups showed any significant differences (Table 1) .
Incorporation of Bromodeoxyuridine in Liver and Liver Content of DNA
Immunohistochemical BrdU staining, marker of S-phase activity (Tanaka et al. 2011) , provided only sporadic BrdU-positive nuclei in the laparotomized groups (group I, II and III) and did not exert any significant differences among these groups. In the hepatectomized groups (group IV, V and VI), the BrdU-positive nuclei were highly positive, significantly higher than in the respective laparotomized controls (p < 0.001). Treatment with either of the analogues resulted in lower BrdU labelling when compared to saline controls in the hepatectomized groups (p < 0.001 for both comparisons). LIRA compared to Ex4 caused even lower BrdU labeling (p < 0.001) (Fig. 2) . In the hepatectomized groups treated with GLP-1 analogues, BrdU-positive nuclei and thus the synthesis of DNA and liver regeneration were located mostly in the periportal regions, centrilobular areas showed only rare BrdU-positivity ( Fig. 3a-3d ).
Liver content of DNA reflected results of BrdU staining. Hepatectomized animals treated with Liraglutide showed significantly lower liver DNA content when compared to those treated with saline (p < 0.001) and Ex4 group (p < 0.01). There was a nonsignificant trend to lower DNA content in PHx-Ex4 group compared to PHx-S group. Rats in laparotomized groups did not exert any significant differences in the liver DNA content (Fig. 4) .
Liver Content of Triacylglycerols and Cholesterol
Liver content of TAG was higher in all hepatectomized groups when compared to respective laparotomized groups, (p < 0.001 for all comparisons). Neither of the analogues had any significant effect on the liver content of triacylglycerols. There was only a trend to lower TAG content in analogues-treated animals than in saline-treated controls; this nonsignificant trend was present in both laparotomized and hepatectomized animals.
Hepatectomized animals had higher cholesterol content than their respective laparotomized controls; this difference was significant only in saline-treated animals (p < 0.01).
Liraglutide treatment in hepatectomized animals resulted in lower cholesterol content than treatment with saline (p < 0.05) ( Table 2) .
Serum Biochemical Parameters
As depicted in table 3, Liraglutide treatment led to a higher serum urea level than either saline or Exenatide treatment after any surgery (LAP-LIRA vs LAP-S: p < 0.001; LAP-LIRA vs LAP-Ex4: p < 0.001; PHx-LIRA vs PHx-S: p < 0.05; PHx-LIRA vs PHx-Ex4: p < 0.01). Exenatide did not affect serum urea levels. Neither of analogues had any effect on serum creatinine level.
Serum total bilirubin was higher in the hepatectomized groups when compared to the respective laparotomized groups; this difference was significant when comparing the LAP-S group with PHx-S group (p < 0.001) and LAP-Ex4 group with PHx-Ex4 group (p < 0.01). In hepatectomized animals, Liraglutide administration led to significantly lower levels of serum total bilirubin than the administration of saline (p < 0.05).
Hepatectomized animals treated with Liraglutide (PHx-LIRA) showed lower glycaemia than corresponding laparotomized controls (LAP-LIRA) (p < 0.001). Similar but nonsignificant trends were observed when comparing saline or Exenatide treated hepatectomized animals with their laparotomized controls. Serum glycaemia was higher after Liraglutide administration than after saline or Exenatide administration in the laparotomized groups (p < 0.001, p < 0.01, respectively).
All hepatectomized animals showed significantly lower levels of serum cholesterol than their respective laparotomized controls (p < 0.001 for saline groups, p < 0.001 for Ex4 groups, p < 0.01 for LIRA groups). Both analogues led to slightly lower serum TAG concentration than saline; however, a significant difference was observed only when comparing Liraglutide and saline treatment in hepatectomized animals (p < 0.001).
Hepatectomized groups showed higher serum activities of ALT, AST and ALP when compared to respective laparotomized groups. GLP-1 analogues showed nonsignificant trends to lower ALT (Ex4), AST (Ex4) and ALP (both Ex4, LIRA) than saline in animals after PHx (Table 3) . One of potential mechanisms, which could explain our results, is a modulation of processes concerning TAG metabolism in hepatocytes by GLP-1 action. TAG and FFA serve as main energy substrates for liver cells proliferating after PHx in the early postoperative period (Šimek and Sedláček 1965) . GLP-1, its analogues and DPP4 inhibition were described to effectively modulate gene expression of key proteins of lipid metabolism in the liver and to change the liver lipid content (Ding et al. 2006 , Ben-Shlomo et al. 2011 , Sharma et al. 2011 , Lee et al. 2012 , Mells et al. 2012 , Ben-Shlomo et al. 2013 . Accumulation of TAG in liver cells after PHx is a standard finding (Bucher 1963 , Shteyer et al. 2004 , Michalopoulos 2007 and is necessary for the proper pace of liver regeneration (Bucher 1963 , Shteyer et al. 2004 . GLP-1 signaling could interfere with this crucial process, thereby GLP-1 analogues could provide less favourable conditions for liver regeneration. In our study we assessed two parameters directly concerning TAG metabolism: liver TAG content and serum TAG level. Liver TAG content was 13 higher in all hepatectomized groups than in respective laparotomized groups, which is in accord with other authors (Bucher 1963 , Shteyer et al. 2004 , Michalopoulos 2007 . Both analogues showed non-significant trends to a decrease in liver TAG content in hepatectomized groups, which corresponds with previous studies (Ding et al. 2006 , Ben-Shlomo et al. 2011 , Sharma et al. 2011 , Lee et al. 2012 , Mells et al. 2012 . Accordingly, suppressed liver TAG accumulation led to impaired liver regeneration after PHx (Shteyer et al. 2004 , Fernandez et al. 2006 , Rudnick and Davidson 2012 . In account of serum TAG concentration in hepatectomized animals only Liraglutide treatment led to lower levels than saline. A decline in serum TAG concentration after Liraglutide administration was described previously (Mells et al. 2012 ).
The accumulation of TAG in liver after the PHx could be explained by an increased lipomobilization in peripheral tissues induced by PHx-linked stress conditions and by higher rates of hepatic lipogenesis (Schofield et al. 1987 , Tijburg et al. 1991 , Kaibori et al. 1997 , Fernandez et al. 2006 . Reduced total capacity of remnant liver tissue to handle with serum free fatty acids and TAG and to effectively export them also participates in the rise of liver TAG (Delahunty and Rubinstein 1970, Tijburg et al. 1991) . Several works described decrease in an excessive liver TAG and FFA accumulation after action of GLP-1, its analogues and DPP4 inhibition (Ding et al. 2006 , Ben-Shlomo et al. 2011 , Sharma et al. 2011 , Lee et al. 2012 , Mells et al. 2012 . The effect is linked to an acceleration of expression of genes responsible for removal of lipids from hepatocytes (VLDL secretion), namely microsomal triglyceride transfer protein and ApoB (Mells et al. 2012 ).
Decline in serum cholesterol level in animals after PHx, already described in previous works could be explained by reduced synthetic capacity in hepatectomized liver and by increased cholesterol consumption during the regenerative process (Sekas and Cook 1979, Kaibori et al. 1997 ). An increase of liver cholesterol content in hepatectomized animals treated with saline in contrast to laparotomized control animals is a standard finding; stored cholesterol is used for formation of new cell membranes (Fernandez et al. 2006 ).
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The elevated concentration of urea in Liraglutide treated groups with regard to the physiological concentration of creatinine was probably not caused by renal injury. This specific effect of Liraglutide could potentially be explained by increased utilization of amino acids, which can become alternative energy substrates when TAG utilization is attenuated (Rigotti et al. 1986 , Holeček 1999 . Indeed, the low liver TAG content and TAG plasma levels after GLP-1 analogue treatment observed in this study can be viewed as a state of disrupted hepatic lipid metabolism when its correct function is critically required. When the utilization of FFA is disrupted, hepatocytes begin to look for other suitable energy substrates, e.g. glucose (Fernandez et al. 2006) or amino acids, whose utilization is associated with an acceleration of urea cycle due to an increased ammonia production that needs to be detoxified to urea (Felig 1975 , Brosnan 2003 . This could also explain our findings of high serum urea levels after Liraglutide treatment.
Rise in serum activities of ALT, AST and ALP after partial hepatectomy is a welldescribed finding associated with a liver insult caused by PHx (Sekas and Cook 1979, Kaibori et al. 1997) . This was also observed in the present study. Both GLP-1 analogues showed somewhat lower activities of these enzymes after PHx than saline, especially Exenatide. This may suggest a mild protection against liver damage. However, these positive effects do not reach a statistic significance. The decline of the markers of liver damage after GLP-1 analogues administration and/or in DPP4 inhibition was described in literature previously (Ben-Shlomo et al. 2011 , Mells et al., 2012 , Ben-Shlomo et al. 2013 .
Elevated serum level of total bilirubin after PHx, which was found in the present study, is a standard finding described previously (Sekas and Cook 1979) . Lower serum total bilirubin in hepatectomized animals after Liraglutide treatment than after saline treatment (supported by a mild trend to lower serum ALP activity) indicate that Liraglutide could possess some modulatory effects on bile flow. A positive effect of DPP4 inhibition on bile secretory function has been already described (Ben-Shlomo et al. 2013) .
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Among the key players regulating the processes of liver regeneration after the PHx are tissue inflammatory cytokines, namely TNFα and IL-6 (Akerman et al. 1992 , Cressman et al. 1996 , Fausto et al. 2006 , Michalopoulos 2007 . In the case of their absence, the liver regeneration is impaired (Akerman et al. 1992 , Cressman et al. 1996 . GLP-1 and its analogues can decrease the production of inflammatory cytokines (Ben-Shlomo et al. 2011 , Wang et al. 2014 ). This way GLP-1 could attenuate process of liver regeneration or at least its early DNAsynthesizing phase.
Other potential explanation concerns SIRT1 (silent mating type information regulation 2 homolog 1), an enzyme that contributes to a regulation on many cellular processes, including With respect to a limited amount of information based on the animal experimental model, the results described in the present manuscript suggest that condition of patients´ liver should be carefully taken into account prior to an administration of both GLP-1 analogues. Special attention should be paid to patients undergoing liver surgery. However, further experimental studies must be carried out to elucidate the exact meaning of the results described.
In conclusion, our results suggest that GLP-1 analogues, Exenatide and Liraglutide, significantly inhibit the early phase of liver regeneration after partial hepatectomy in rats.
16
Liraglutide effect was more pronounced than that of Exenatide. Based on the present data, this inhibition might be explained by (1) supressed TAG accumulation in regenerating liver and lower serum TAG concentration forming less favourable energy condition for regenerating hepatocytes and (2) increased utilization of amino acids that could become alternative energy substrates when TAG utilization is disrupted.
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